Hydrogen-based fuels have become a primary interest in the gas turbine market. To better predict the reactivity of mixtures containing different levels of hydrogen, laminar and turbulent flame speed experiments have been conducted. The laminar flame speed measurements were performed for various methane and natural gas surrogate blends with significant amounts of hydrogen at elevated pressures (up to 5 atm) and temperatures (up to 450 K) using a heated, high-pressure, cylindrical, constant-volume vessel. The hydrogen content ranged from 50% to 90% by volume. All measurements were compared to a chemical kinetic model, and good agreement within experimental measurement uncertainty was observed over most conditions. Turbulent combustion experiments were also performed for pure H 2 and 50:50 H 2 :CH 4 mixtures using a fan-stirred flame speed vessel. All tests were made with a fixed integral length scale of 27 mm and with a turbulent intensity level of 1.5 m/s at 1 atm initial pressure. Most of the turbulent flame speed results were in either the corrugated or thin reaction zones when plotted on a Borghi diagram, with Damköhler numbers up to 100 and turbulent Reynolds numbers between about 100 and 450. Flame speeds for a 50:50 blend of H 2 :CH 4 for both laminar and turbulent cases were about a factor of 1.8 higher than for pure methane.
INTRODUCTION
Blending hydrogen and hydrocarbon-based fuels is of interest to gas turbine designers [1] . The increasing share of renewable energy sources and their fluctuating availability and the simultaneous demand for low-emissions, high-efficiency power plants requires gas turbines to operate with higher flexibility with respect to load and fuel variations. Energy sources such as coal gas, gases from industrial processes like coke manufacturing, biomass gasification, and energy storage via hydrogen electrolysis have become potential alternative energy sources for the gas turbine industry. This increasing reliance on fuel flexibility requires the development of combustors (like the premix burners or the Alstom reheat combustor) with an increased share of H 2 and C2+ gases. Prerequisites for this development are design tools like chemical kinetic mechanisms to enable reactivity predictions for engines and test rigs.
However, the propensity to auto-ignite or to flashback increases as the hydrogen fraction in the blend is increased. These factors provide the motivation to study the combustion characteristics of high-hydrogen-content blends of hydrocarbon mixtures under laminar and turbulent conditions.
The primary objectives of this study were to investigate the flame speeds of mixtures containing high levels of hydrogen with methane and a natural gas surrogate and to validate a widely used chemical kinetic mechanism for these novel blends at elevated pressures and temperatures. The paper is organized as follows: the first part is pertinent to laminar flame propagation. Laminar flame speed measurements of hydrocarbon-hydrogen blends over a wide range of mixture compositions, blending ratios, pressures and temperatures are presented. Chemical kinetic model predictions are compared with the experimental data, and opportunities for improvement are identified. The second part of the paper focuses on turbulent flame speed measurements conducted using a relatively new fan-stirred bomb. Flame speeds of hydrogen and methanehydrogen mixtures at 1 atm are presented.
LAMINAR FLAME SPEEDS

Background Literature
The primary mechanism of flame speed augmentation with hydrogen addition is through the increase in the concentration of the highly diffusive hydrogen atom. Yu et al. [2] studied the effect of the addition of hydrogen to methane and propane and found a linear correlation of flame speeds with hydrogen addition for all equivalence ratios for both fuels. However, their study was restricted to low hydrogen levels. Tang et al. [3] performed a mechanistic study on the effect of hydrogen addition to butane. As expected, the adiabatic flame temperatures increased and the activation energies decreased with an increase in hydrogen concentration. They proposed that the effect of hydrogen addition on the laminar burning flux (product of the laminar flame speed and unburnt gas density) can be separated into diffusion (through Le), kinetic (activation energy), and thermal (adiabatic flame temperature) pathways. The burning flux showed a prominent sensitivity to the kinetic effect and it was concluded to be the dominant mode. Recently, Wu et al. [4] measured laminar flame speeds of C2 hydrocarbons (ethane, ethylene, and acetylene) and CO. They found good agreement with the previous butane study for the hydrocarbon cases but found a nonlinear increase in flame speeds with hydrogen blending for CO due to the substantial reduction in the activation energies.
These prior studies were restricted to low levels of hydrogen and atmospheric pressure conditions. There is a need therefore to measure laminar flame speed data at elevated pressures and temperatures, which is a main focus of this study.
Apparatus Description and Experimental Procedure
Laminar flame speed measurements were conducted using a constant-volume, heated cylindrical flame speed vessel. Details of the flame speed rig and post-processing technique can be found in Krejci et al. [5] , and so only a brief summary is presented here. The stainless steel vessel has an internal diameter of 31.8 cm with an internal length of 27.9 cm. A spark produced between two sharpened electrodes initiates a flame at the vessel center. Optical access is provided by means of two quartz windows on the ends, and a z-type schlieren system is used in conjunction with a high-speed camera to capture the flame propagation event. Flames as large as 12.7 cm in diameter can be visualized with negligible pressure rise (confirmed using dynamic pressure traces-not shown here). The vessel is heated by means of a four-piece heating jacket, and sufficient insulation around the vessel and on the quartz windows ensures temperature uniformity within 2 K inside the vessel. The window insulation is removed for optical access only immediately prior to an experiment. All consumable gases used for the experiments were of ultra-high purity grade. Test mixtures were prepared using the method of partial pressures, and the mixtures were allowed to homogenize in the vessel for a period of 30 minutes prior to ignition.
The flame radius at each frame was estimated using a MATLAB-based routine developed in-house. The burnt, unstretched flame speed was obtained using the linear Markstein relationship (Eq. 1) from the burnt, stretched flame speed,
. The unburnt, un-stretched laminar flame speed, , was then estimated by multiplying by the density ratio (obtained from the equilibrium module from Chemkin) of burnt to fresh gas (Eq. 2).
-
Chemical Kinetic Model The chemical kinetic model used in this study, AramcoMech 1.3, was hierarchically developed for H 2 to C5 hydrocarbons. Further details of the mechanism can be found in Metcalfe et al. [6] and Donohoe et al [7] . The mechanism has been validated using flame speed, shock-tube, jet-stirred reactor, flow reactor and flame speciation data over extensive ranges of pressures (0.026-260 atm), temperatures (295-1400 K) and equivalence ratios (0.05-6.0). Flame speed simulations were performed using the PREMIX module of Chemkin-Pro using the multi-component transport equations. Grid independent solutions that converged to over 1000 grid points were obtained.
Test Matrix
The effect of blending straight-chain alkanes, representative of commercially available natural gas compositions, has been studied extensively in the authors' laboratories; these data were used to calibrate the robust chemical kinetic mechanism described above. The present study focused on the effects of hydrogen addition on pure methane and on a premixed natural gas blend defined as NG2 (81.25% CH 4 /10% C 2 H 6 /5% C 3 H 8 /2.5% n-C 4 H 10 /1.25% n-C 5 H 12 ) [8] . Table 1 shows the experimental conditions for the laminar flame speed tests, originally presented in Donohoe et al. [7] . Air (21% O 2 ) was used as the oxidizer at atmospheric pressures, and a 1:6 O 2 :He mixture was used at elevated pressures. Helium was utilized as the diluent at elevated pressure to prevent self turbulization of the flames due to thermo-diffusive instability. Helium increases the thermal diffusivity of the mixture, thereby increasing the Lewis number without affecting the reaction kinetics. A 1:6 dilution ratio was chosen to maintain the adiabatic flame temperatures similar those of air (1:3.76 O 2 :N 2 ) dilution. Results and Discussion Figure 1 shows the laminar flame speeds of the various mixtures over a wide range of equivalence ratios. Further details on the flame speed results are provided in Donohoe et al. [7] . The measurements are shown as symbols, and the corresponding kinetic model predictions are plotted as curves. The kinetic model predictions generally agree well with the measurements. Excellent agreement can be seen for the fuellean cases, although slight over or under predictions are evident for the fuel-rich mixtures. The model successfully captures the mixture concentrations at which the flame speeds peak, but improvements are still needed in predicting the peak laminar flame speeds. However, as shown by the typical error bars in Fig. 1a , the predictions of the current model are generally within the measurement uncertainty of about ± 5%.
Also shown in Fig. 1a is a comparison between the present results for the 50:50 H 2 :CH 4 blend (Mix 1) and the data from Hu et al. [9] for the same mixture. In general, the agreement is fair, but the current data are consistently slower by about 5 cm/s over the range of equivalence ratios in Fig. 1a. (a) and (b): results from Mixes 1 and 2 (see Table 1 ). Table 1 ). [7] . Good agreement is in general seen between the experimental measurements (symbols) and the kinetic model predictions (curves).
(c) and (d): results from Mixes 3 and 4 (see
Fig. 1 Experimental and numerical laminar flame speeds of the different mixtures
TURBULENT FLAME SPEEDS
The flow fields inside a practical combustion device such as a gas turbine engine are highly turbulent, and there is a lack of understanding of the complex interaction between turbulence and chemistry of combustion processes. While a unified definition of turbulent flame speeds that is independent of the measurement technique (flow burners or closed vessels) and the diagnostics (various reaction progress variables) is yet to be determined, significant progress has been made in characterizing measurements for a particular technique. The goal of this study was to measure turbulent flame speeds in a fan-stirred vessel for pure-hydrogen and a 50:50 blend (by volume) of 
Apparatus and Flow Field Description
The turbulent flame speed vessel is made of aircraft-grade aluminum (Al 7075) with an internal diameter of 30.5 cm and an internal length of 35.5 cm. Optical-quality quartz windows at the two ends of the vessel enable visual tracking of the expanding flame kernel up to a maximum diameter of 12.7 cm under constant-pressure conditions (verified by dynamic pressure traces). Combustion of the charge (premixed fuel + air) is initiated by means of a spark between two sharpened electrodes at the center of the vessel. The spark-ignited flame is imaged using a z-type schlieren setup. The temperature inside the vessel is monitored using a k-type thermocouple, and typical initial temperatures are 296 ± 3 K.
Four fans installed symmetrically around the central circumference of the vessel generate turbulence during the experiment. The fans are radial impellers with three backwardcurved blades which direct the flow towards the vessel wall. They are made of aluminum with an outer diameter of 7.6 cm and a blade pitch angle of 20°. These fans are fitted on steel shafts that are polished to an extremely fine surface finish. Shaft sealing is provided by means of PTFE lip seals. Highspeed bearings for the shafts are stacked inside cartridge housings that are mounted onto the vessel. Each fan is turned by a 2.25-HP router motor whose rotational speeds can be varied between 8,000 and 24,000 rpm. The impeller shafts are connected to the motor shafts by means of flexible couplings which can compensate for minor shaft misalignments. Figure 2 shows the photograph of experimental apparatus. Flow field characterization was performed using particle image velocimetry in a 1:1 scale Plexiglas model of the vessel. An average RMS turbulent intensity, u′ = 1.5 m/s with negligible mean flow (< 0.1 u′) was measured at the lowest fan speed (8,300 rpm). Additionally, the turbulent flow field exhibited two important characteristics: (1) homogeneity or spatially uniform disturbances; and (2) isotropy or equality of the velocity components in the orthogonal directions. These flow descriptors were quantified through the homogeneity and isotropy ratios, and they varied narrowly between 0.9 and 1.1 (ideal value being 1.0), thus providing stationary (no mean flow) and uniform and precisely controlled perturbations (also known as homogeneous and isotropic turbulence, HIT) during the experiment. Further details on the characterization of the resulting turbulent conditions generated by the fan system for the conditions herein can be found in Ravi et al [10] .
Experimental Procedure and Data Analysis
Turbulent flame speed experiments follow the same basic procedure as the laminar flame speed experiment. All test mixtures are filled into the vessel and allowed to homogenize. The fans are activated prior to ignition and the images are recorded upon ignition using the high-speed camera. A sample image from a typical turbulent flame speed experiment is shown in Fig. 3 . The images are analyzed using an edgetracking program that was developed in-house. The program tracks the flame boundary and estimates the area within the turbulent flame kernel for each frame (see Fig. 3 ). The enclosed area is then used to compute the radius of a circle with an equivalent area. This is defined as the turbulent flame radius. To determine the turbulent flame speed, the instantaneous turbulent flame speed is first computed by differentiating the radii time history using a central difference technique. A polynomial regression-based smoothing filter (Savitzky-Golay) is used when computing the derivative. This filter has been successfully applied to laminar flame speed measurements using high-frequency dynamic pressure traces without the loss of the experimental trend [11] . The turbulent flame speed, S T , is then estimated by multiplying the instantaneous flame speed with the density ratio . The smallest flame size (diameter) that provides meaningful measurement (devoid of ignition-spark effects) is restricted to 2 cm (value determined based on noise in the derivatives at extremely small radii). The propagation rate increases as the flame grows due to the fact that the developing kernel is affected by an increasing spectrum of velocity scales. Thus, the spherically expanding flame bomb provides turbulent flame speeds over a range of turbulence levels. For simplicity, we present turbulent flame speeds when the flame radius is equal to the integral length scale.
Results and Discussion
Pure hydrogen and an equimolar blend of hydrogen and methane over a wide range of lean equivalence ratios (due to their relevance to gas turbine operating conditions) were studied. The turbulence intensity, u′ (=1.5 m/s) and the integral length scale, L T (= 2.7 cm), were fixed for this study. Table 2 shows the laminar flame parameters (unstretched flame speeds ( ), flame thicknesses ), as well as the non-dimensional turbulent parameters (Damköhler (Da), Reynolds (Re) and Karlovitz (Ka) numbers). The Borghi diagram (Fig. 4) shows the various regimes of turbulent combustion and data points corresponding to the current investigation. Pure methane measurements from an earlier study [12] are also included. The flame morphologies are noticeably different for the various regimes. For the laminar case (Fig. 5a) , the flame is near-spherical with a smooth surface (flame instabilities not considered here). The flame retains a spherical shape although large-cell wrinkles appear on the surface in the wrinkled flamelet regime (Fig. 5b) . In the corrugated flamelet regime (Fig. 5c) , the flame shape starts to deviate from being spherical. Finer structures are present in the thin reaction zone (Fig. 5d) , and the sphericity of the growing flame ball is lost. Figures 6 and 7 show the turbulent flame speeds for pure hydrogen and 50:50 CH 4 :H 2 mixtures, respectively. The laminar flame speed measurements and the corresponding kinetic model predictions are also shown. Turbulence has increased the flame speeds at all equivalence ratios. However, this increase is highly dependent on the ratio of the turbulence intensity to the laminar flame speed. This competing effect is prominent for hydrogen as the laminar flame speeds exceed the overall turbulence levels generated by the fans.
Effect of Turbulence
For a given mixture concentration, the laminar and turbulent flame speeds of the 50:50 blend were normalized by the corresponding flame speeds of those of pure methane. The normalized laminar and turbulent flame speeds at different equivalence ratios are shown in Fig. 8 . The promoting effect of hydrogen is slightly higher for the lean mixtures under laminar conditions. The increase in turbulent flame speeds of the blend in comparison to the parent fuel remains fairly constant with hydrogen addition for all equivalence ratios. The ratio of turbulent to laminar flame speeds is plotted as a function of Da and Re in Figs. 9 and 10 for the three fuels. S T /S L decreases (increases) as Da (Re) is increased. This behavior is consistent with the definitions of these nondimensional numbers, wherein, Da (or Re) is inversely (or directly) proportional to u′/S L . Also, the experimental data agree with the kinematic constraint, as u′→0 (which implies, Da→∞ or Re→0), turbulent flame speeds should equal the laminar flame speeds (i.e, S T /S L →1). 
CONCLUSIONS
Flame speeds of hydrocarbon fuels with high levels of hydrogen were measured under both laminar and turbulent conditions. The laminar flame speed experiments were performed using the spherically expanding flame model inside a heated cylindrical chamber. Methane and hydrogen blends, with blending ratios of 50:50, 30:70 and 10:90 (by volume) were studied at atmospheric and elevated pressures (5 atm) and temperatures (450 K). A hydrogen-doped natural gas surrogate containing significant amounts of C2+ alkanes was also investigated. Helium was used as the diluent for elevated pressure cases to reduce thermo-diffusive instabilities. Detailed chemical kinetic modeling was also performed, and the model predictions showed very good agreement with measurements obtained herein, with only minor improvement remaining.
Turbulent flame speeds were measured using a fan-stirred bomb under homogeneous and isotropic turbulence. Two fuels, namely hydrogen and a 50:50 blend (by volume) of methane and hydrogen, both at atmospheric conditions, were studied over a wide range of equivalence ratios. The turbulent intensity level, u′ = 1.5 m/s, and the integral length scale, L T = 2.7 cm were fixed. Turbulence increased the flame speeds for all cases, though by varying amounts depending on u′/S L for the mixture. Turbulent flame speeds are key factors for successful design of industrial gas turbine combustors. The updated kinetic mechanisms and scaling rules support the ongoing development [13] of combustion systems with increased (fuel) flexibility.
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